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ABSTRACT 

We discuss the implications of the recent upward revision of the LMC microlensing rate 
by the MACHO Collaboration. We conclude: (i) A good case for the existence of baryonic 
dark matter in the halo has been made; (ii) The case for the existence of cold dark matter 
is unaffected and still compelling; and (iii) The Galactic halo is still an excellent place to 
search for cold dark matter particles (e.g., axionc or neutraiinos). 

e Oporatod by Unlvorsltles Research Association Inc. under contract with the United States Department of Energy 



1 Perspective 

It is now a little more than two years since the MACHO and EROS Collaborations announced 
their first microlensing results: one LMC event for MACHO and two LMC events for EROS 
[l]. At about the same time OGLE also reported microlensing events toward the bulge, at 
a much higher rate than expected rate 121. Paczynski’s bold idea had become reality. 

The initial response to the LMC results was swift and not unexpected: The dark matter 
problem has been solved - it was baryons after all. A dark cloud of gloom engulfed the 
particle dark matter searches. After a while, sanity returned: The numbers were small and 
the uncertainties - both Poisson and galactic modelling - were large [3). 

About a year ago MACHO [4] and EROS [5] p resented detailed analyses of a big chunk 
of data (for MACHO the first year’s data with three events toward the LMC; for EROS the 
same two events). Both groups concluded that the halo MACHO fraction was small, around 
20%. Our independent analysis [6, 7) of the LMC and bulge data based. upon extensive 
galactic modelling indicated the same (likelihood function peaked around a halo MACHO 

fraction of 15%.) WIMP hunters were very happy. However, as we and others (David 
Bennett especially) emphasized the uncertainties were still large and it was too early to rule 
out an all-MACHO halo. Moreover, others had suggested radical ideas for an all baryonic 
halo, e.g., gas clouds [8]. 

The OGLE [2] - and later the MACHO [9] - higher-than-expected bulge results provided 
further evidence that the bulge is actually a heavy bar, a possibility not considered in the 
original estimates. This has important consequences for interpreting the LMC events. A 
heavy bar precludes a light halo, which, for a given LMC microlensing rate, pushes down 
the halo MACHO fraction [6, 71. 

The MACHO Collaboration has now analyzed two years of LMC data and has 8 or 7 
or 6 events, depending upon selection criteria. Two year-one events have now been rejected 
(one turned out to be a repeater). The halo MACHO fraction is now quoted as 50% [IO]. 
The dark cloud threatens WIMP chasers again - 50% is dangerous close to 100%. 

What happened? The nearly 100 bulge events seen by the MACHO Collaboration allowed 
a “tune up” of their event-recognition software, and they have another full year of data. They 
are able to detect longer duration events - and reject repeaters - and the statistics are better. 

Beware! The number of events is still small and galactic uncertainties are still large. 
More long duration events may be found; some candidates may be rejected, and the software 
may improve again - leading to higher or lower rates. It is not time for WIMP hunters to 
panic. 

Based upon the seven MACHO LMC events, the microlensing rate toward the bulge 
and extensive modelling of the Galaxy, we find a likelihood function for the MACHO halo 
fraction which is very broad (allowing both 0 and 100%) and which achieves its maximum at 
around 30% (see Fig. 1). (F or reference, the MACHO Collaboration bases its 50% estimate 
on their standard halo model, which is “light” by industry standards, leading to their higher 
MACHO halo fraction. In light of the large uncertainties the differences are not important.) 
Our likelihood function for the local density of “unknown matter” indicates that there is still 
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Figure 1: Monte-Carlo generated likelihood function for the halo MACHO fraction based 
upon the upward revision of the LMC optical depth by the MACHO collaboration [lo, 111 
and extensive galactic modelhng (described in Refs. 16, 71). 

plenty of room for cold dark matter in our own back yard (see Fig. 2). 

2 Interpretation 

The MACHO Collaboration did not actually measure the MACHO fraction of the halo! They 
measured the frequency of microlensing toward the LMC, which can be expressed as the 
optical depth for microlensing - the probability that a given LMC star is being microlensed. 
Based upon the seven events in the two-year data set q,Mc = 2+::0, x 10” [ll].’ Assuming 
that MACHOs are distributed as the halo material (density decreasing as r-‘) and that the 
halo MACHO fraction is constant throughout the halo, the optical depth can be used to 
infer the fraction of the halo mass contributed by MACHOs - about 50% according to the 
MACHO Collaboration [lo, ll] or 30% according to our analysis. 

If, however, MACHOs are distributed differently, the halo MACHO fraction can be much 
lower. For example, for a spatial density that decreases as r -3, like the spheroid component 
of the Galaxy, the inferred MACHO fraction falls to about lo%.* 

Further, since the distance to the LMC is 50 kpc microlensing of LMC stars cannot probe 
the halo beyond this. In fact, most of the optical depth is contributed by MACHOs that are 
between 10 kpc and 30 kpc from the center of the Galaxy (see Figure in Ref. [3]). It could be 

‘The optical depth I = & xi +, where ti is the duration of event i, E is the exposure (e.g., in star-years), . 
and Ei is the efficiency of detecting an event of duration ti. 

2Such a model is only viable if T 5 2 x lo-‘. 
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Figure 2: Monte-Carlo generated likelihood function for the local density of cold dark matter 
particles, assuming a spherical halo comprised of MACHOs and cold dark matter. Broken 
curve is the same, but with the prior that the halo MACHO fraction is greater than 60%. 
Note, there is good reason to believe that the halo of the Galaxy is flattened, which increases 
the local halo density by about a factor of two over that of a spherical halo [19]. 

that the inner portion of the Galaxy has a MACHO fraction of 50% and that the MACHO 
fraction falls off beyond this, so that something else accounts for the bulk of the halo. There 
is good evidence that the halo of the Galaxy extends to 100 kpc or more. (When the density 
decreases as r’- * the mass per interval of radial distance is constant.) 

Even more difficult to estimate is the fraction of critical density contributed by MACHOs. 
As described above, the halo MACHO fraction is difficult to determine, and the fraction of 
critical density contributed by the dark halos of spiral galaxies is very poorly known. This is 
because the full extent of dark halos is not known; if halos are small Rn~r,o could be as low 
as 0.05; on the other hand if halos are as large as they could be, extending to neighboring 
galaxies, fin&o could be 1 .O. 

3 Implications for Particle Dark Matter 

There are a number of very good reasons to believe that the bulk of matter in the Universe 
exists in the form of slowly moving elementary particles left over from the earliest moments 
(cold dark matter), with the most promising cold dark matter candidates being the axion 
and the neutralino. First, the cold dark matter scenario for structure formation is by a wide 
margin the most successful, with supporting evidence coming from anisotropy measurements 
of the CBR, large redshift surveys, and numerous other observations. (By cold dark matter, 
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we mean one of the several variants that have been discussed - cold dark matter plus hot 
dark matter, a cosmological constant, tilted spectrum of density perturbations, unstable tau 
neutrino, or very low Hubble constant [12].) While the mean density of the Universe has yet 
to be determined, the masses of clusters of galaxies [13] and the peculiar velocities of galaxies 
(including our own) [14] indicate that 00 is at least 0.2, which is larger than the upper limit 
to what baryons can contribute that comes from primordial nucleosynthesis, SIB 5 O.O~IZ-~ 
(15). (Note, this upper limit is only close to 0.2 if the Hubble constant is very small, h - 0.35. 
For h - 0.7, RB 5 0.04 and virtually all cosmologists would agree that 00 is greater than 
0.1.) On the theoretical side, inflation predicts a critical density Universe, 00 = 1.0; current 
measurements of CBR anisotropy are consistent with the inflationary prediction [lS], and 
measurements made in the next five years or so should decisively test inflation [17]. 

It should be noted that the dark halos of spiral galaxies like our own never provided 
evidence for nonbaryonic dark matter for the simple reason that galactic halos need not 
contribute more mass density than baryons can account for. On the other hand, galactic 
halos are - and always have been - an excellent place to search for cold dark matter particles 
since it is virtually impossible to keep cold dark matter out of galactic halos [18]. 

Within the context of the cold dark matter theory the universal fraction of matter in 
baryons is expected to be between 5% and 20%. The baryonic content of the halo is another 
matter; galactic halos probably do not provide a fair sample of the cosmos. At least some 
of the baryons in our galaxy have undergone dissipation - those in the disk - and it is not 
impossible that the bulk of the baryons have condensed into the disk, in which case the halo 
MACHO fraction would be smaller than the universal baryon fraction. At the other extreme, 
it is possible that most of the baryons in our galaxy have undergone only modest dissipation 
and reside in the inner portion of the halo, in which case the baryon fraction there could be 
50% or so. Estimates for the plausible MACHO fraction of the inner halo range from 0% to 
50% [18]. 

4 Finale 

The MACHO, EROS, and OGLE microlensing experiments have monitored millions of stars 
over the past few years looking for the proverbial needle in the haystack. And they have 
found it - making believers of the many nay-sayers who doubted that microlensing could be 
detected against the background of known variable stars and unknown things that go bump 
in the night. The detection of microlensing represents a significant scientific achievement as 
well as an important new probe of the Galaxy. 

It is still too early to make definitive statements concerning the composition of the Galac- 
tic halo. However, strong evidence has been presented for the existence of massive, dark 
objects within 30 kpc of the center of the Galaxy. The most plausible explanation is dark 
stars (e.g., white dwarfs or neutron stars of mass m 0.3Mo). 

The galactic baryonic dark matter believed to exist on the basis of big-bang nucleosyn- 
thesis may well have been identified and one of the two dark matter problems may have 
been solved! That would be quite an achievement. (Big-bang nucleosynthesis provides a 
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lower limit to the baryon density, no 2 O.Olh-‘, that exceeds the contribution of luminous 

matter, &JM z 0.003h”.) 

Galactic microlensing has not’ diminished the case for a Universe comprised primarily 
of cold dark matter. In fact, the inferred halo MACHO fraction suggests that much of the 
nearby dark matter in the Galaxy is still of undetermined composition (see Fig. 2), with 
cold dark matter particles leading the list of possibilities. This, together with the cosmic 
motivations for cold dark matter, should continue to warm the hearts of WIMP chasers and 
justify their heroic efforts to detect particle dark matter in our back yard. 

Acknowledgments. This work was supported by the DOE (at Chicago and Fermilab) and 
by the NASA (at Fermilab by grant NAG 5-2788). 

References 

[l] E. Aubourg et al., Nature 365, 623 (1993); C. Alcock et al., ibid, 621 (1993). 

[2) A. Udalski et al., Astrophys. J. 426, L69 (1994); Acta A&on. 43, 289 (1993); ibid 44, 
165 (1994); ibid 44, 227 (1994). 

[3] M.S. Turner, astroph/9310019 (1993). 

[4] C. Alcock et al., Phys. Rev. Lett. 74, 2867 (1995). 

[5] E. Aubourg et al., A&-on. Astrophys. 301,l (1995); R. Ansari et al., astroph/9511073. 

[6] E. Gates, G. Gyuk, and M.S. Turner, Phys. Rev. Lett. 74, 3724 (1995). 

[7] E. Gates, G. Gyuk, and M.S. Turner, Phys. Rev. D, in press (1996) (astroph/9508071). 

[8] F. De Paolis, G. I n gr osso, Ph. Jetzer, and M. Roncadelli, astroph/9504080 (1995). 

[9] C. Alcock et al., Astrophys. J. 445, 133 (1995); astroph/9512146 (1995). 

[lo] D. Bennett, quoted in New York Times (January 17, 1996). 

[ll] D. Bennett, presented at CfPA seminar at UC Berkeley (January 24, 1996). 

[12] S. Dodelson, E. Gates, and M.S. Turner, in preparation; also see, A.R. Liddle et al., 
astro-ph/9511057. 

[13] See e.g., N. Kaiser, astroph/9509019. 

[14] M. Rowan-Robinson et al., Mon. Not. R. astr. Sot. 247, 1 (1990); N. Kaiser et al., ibid 
252, 1 (1991); M. St rauss et al., Astrophys. J. 385, 444 (1992); A. Dekel, Ann. Rev. 
Astron. Astrophys. 32, 319 (1994). 

5 



[l5] C. Copi, D.N. S h c ramm, and M.S. Turner, Science 267, 192 (1995); Phys. Rev. &it. 
75, 3981 (1995). 

[16] M. White, D. Scott, and J. Silk, Ann. Rev. A&on. Astrophys. 32, 319 (1994); Science 
268, 829 (1995). 

[17] M. Kamionkowski, D.N. Spergel and N. Sugiyama, Astrophys. J. 426, I.,57 (1994); 
G. Jungman, M. Kamionkowski, A. Kosowsky, and D.N. Spergel, a&o-ph/950’7080 
(1995) and a&o-ph/9512139 (1995). 

[18] E. Gates and M. S. Turner, Phys. Rev. Lett. 72, 2520 (1994). 

[19] E. Gates, G. Gyuk, and M.S. Turner, Astrophys. J. 449, L123 (1995). 

6 


